. TEM images were recorded with a JEOL JEM 3010 instrument operating at an accelerating voltage of 300 kV fitted with a Gatan charge-coupled device (CCD) camera. Powder XRD patterns were recorded using a Seifert XRD 3000 TT instrument. Thermogravimetric analysis of the samples was carried out on a Mettler Toledo TG-850 apparatus.
ZnO Inverse Opals by Chemical Vapor Deposition**
By Beatriz H. Juárez, Pedro David García, Dolores Golmayo, Alvaro Blanco, and Cefe López* Among materials for photonics, ZnO is probably one of the most promising candidates, leading the race for innovation in the next decade. Widely used in numerous applications such as piezoelectric transducers, solar cells, phosphors, and sensors, this wide-gap (3.4 eV) semiconductor has been shown to be a good alternative to other classic materials such us GaN or SiC as a short-wavelength light emitter. [1] Thanks to its large excitonic binding energy (60 meV), lasing at room temperature was demonstrated in thin ZnO films in the last decade. [2] Since then, different ZnO nanostructures have emerged in many different sizes, shapes, and geometries, e.g., nanowires, [3] nanobelts, [4] or nanoribbons, [5] improving its lasing efficiency and boosting its possibilities in photonics. If more efficient photonic structures are to be built, photonic crystals (PCs) are ideal systems for fabricating efficient light emitters due to their ability to manipulate light. [6] PCs present photonic gaps or pseudogaps, which could eventually lead to a reduction or even elimination of the spontaneous emission, enhancing light emission and lowering the threshold in future lasing devices. There are a number of examples of ZnO-based PCs in one, [7] two, [8] or three dimensions. [9] In three-dimensional (3D) opal-based PCs, ZnO infiltration of silica opals has been tackled by wet chemical methods, [10, 11] and polymeric opals have also been infiltrated with ZnO by sol-gel [12] and electrochemical methods. [13] There are different approaches to growing polycrystalline or epitaxial ZnO. Techniques involving the gas phase are the most widespread, due to the high quality epitaxial growth, and can be directly applied in industry. Furthermore, gas-phase methods have demonstrated their potential in conformal growth for the infiltration of high aspect ratio structures. [14] [15] [16] Atomic layer deposition (ALD) [16, 17] provides atomic-scale thickness control of ZnO films by oxidation of metal-organic precursors such as diethyl zinc (DEZn) or dimethyl zinc (DMZn) (which are highly reactive in air) by alternating metal-organic and water exposures or pulses of a few seconds length in a binary reaction sequence. These methods have, however, never been used in porous environments such as opals even though they are the most appropriate approach for conformal infiltration, which allows a perfect replication of the template. Here, we report a controlled process to fabricate large-area high quality ZnO-polystyrene (PS) composites and ZnO inverse opals with fine control over filling volume (nanometric in thickness) by a modified metal-organic chemical vapor deposition (MOCVD) method. Furthermore, once the ZnO structures are obtained, a sulfidation process is shown to be capable of producing ZnS inverse opals while maintaining the crystal quality of the original opal structures.
ZnO has been grown in thin PS opal [18] films on silicon substrates (500 nm sphere diameter and total thickness from 10 to 40 monolayers, 5-20 lm) by using a diluted solution of DMZn in hexane as zinc precursor. Double-distilled water (DDW) was used as oxygen precursor. The diluted metal-organic compound is easier to handle than the pure, highly reactive one. It also provides the key to fine control of the ZnO growth inside the opal. The two sources were kept separate in glass bubblers at room temperature. The precursors were alternately fed into the reactor using nitrogen as carrier gas at a fixed flow rate. Similar setups were used to grow SiO 2 in opals at room temperature. [19] In our case, the reactor was kept around 90°C, which is a compromise temperature in order to obtain smooth deposits with fine grains while avoiding the softening of PS. Room temperature conditions yield rough and inhomogeneous deposits. The ZnO film thickness deposited by alternating exposure to the two sources in succession (a cycle) depends on the carrier gas flow rate, temperature, and exposure time of each source. Thus, a bare opal can be filled in a single cycle or in several cycles. This fact is of paramount importance in order to tune the photonic properties to the desired specifications for optimal performance. Most of the time, theory predicts particular or functional behavior for a given filling fraction. It is worth mentioning that due to the conformal growth and geometrical constrains the maximum value achievable for the filling fraction is close to 86 %. In addition, conformal growth permits the fabrication of inverse structures even for extremely low ZnO filling fractions. Inverse opals were obtained upon calcination of PS-ZnO composites at 450°C for 3 h in air. This process completely removes the PS matrix but also recrystallizes the ZnO, as will be discussed later. Scanning electron microscopy (SEM) inspections and optical spectroscopy have been performed in order to monitor the infiltration process and X-ray diffraction to confirm the crystal quality and composition of the deposits. Figure 1 shows SEM images of ZnO-based opals grown on silicon substrates. Figure 1a shows the appearance of a cleaved edge of a ZnO-PS composite with an infiltration degree of 60 % of the pore volume. In this image, and due to the high contrast between conductive ZnO and the insulating PS spheres, the PS spheres are hardly visible, appearing as an inverse-like structure where the contact points between spheres can be observed as dark spots. Figures 1b,c show actual inverse ZnO opals from cleaved edges at different magnifications. The high quality of the smooth and homogeneous coating can be observed. Surface inspections reveal homogeneous growth over square-millimeter areas. The inverse replica order is disturbed only by the usual cracks (hundreds of micrometers apart) present in structures of this type, not by the ZnO growth. The empty interiors of the shells in the inverse replicas are observed only in cracks and the cleaved edges. From these we can give a rough estimate of the ZnO shell thickness of about 20-30 nm, in good agreement with the expected value. The elemental composition of the ZnO inverse structures was studied by energy dispersive X-ray analysis (EDX) (not shown). The absence of a carbon peak reveals the quantitative removal of PS.
By a sequence of several cycles it is possible to infill the opal with fine control of the filling fraction. The optical re- sponses of ZnO-PS composites and ZnO inverse opals were compared with photonic band calculations. [20] The refractive index of opal-free ZnO films (0.4-1.6 lm) was measured by ellipsometric techniques to range from 2.2 to 1.9, in good agreement with data previously reported by Yoshikawa and Adachi. [21] The infilling process has been monitored by the optical reflectance at near normal incidence with respect to the (111) face-centered cubic (fcc) planes taken with the help of an optical microscope from a circular area of about 375 lm diameter. The red-shift in the first-order Bragg peak as the infiltration proceeds accounts for the increase of the average refractive index of the structure due to ZnO infilling. Figure 2 shows the reflectance spectra for five CVD cycles. The bare PS opal spectrum (top) shows a peak with 55 % reflectivity at 1160 nm, corresponding to the photonic pseudogap at the L point due to (111) planes. As the number of cycles increases, this peak moves to longer wavelengths (lower energies) up to a value of around 1330 nm. This latter value is hard to ascertain with precision because at values near 80 % of pore volume infiltration the average refractive index of the pore (ZnO/air) reaches that of the polystyrene (n = 1.57), producing an index-matching effect that hides the Bragg peak. However, high-energy features (around 0.6 lm) survive even at near index matching conditions (small arrows in Fig. 2 ), indicating the persistence of the photonic effects and the high quality of the structures.
By comparing these spectra with photonic band calculations we can estimate the ZnO grown in each CVD cycle. Figure 3 shows the filling volume and the associated layer thickness as a function of the number of cycles. As can be observed, ZnO layer thickness increases with the number of cycles, from 5 nm in the first cycle (18 % of the pore volume) to about 40 nm for the last one (around 85 % of the pore volume). A linear fit of the experimental points indicates a growth rate of 8 nm per cycle, in good agreement with ellipsometric measurements for plain thin ZnO films. These figures give an idea of how fine this growth process is in terms of ZnO shell thickness control.
Optical properties of ZnO inverse structures have also been measured. Figure 4 shows the reflectance spectra of bare PS opal (b), ZnO-PS composite with 80 % pore volume infilling (c), and the same structure after PS calcination (d), together with photonic band calculations (a). The parameters used for the calculations were the following: for the bare opal PS spheres with a refractive index of n PS = 1.59 were used arranged in a fcc lattice (solid line in Fig. 4a) ; for the ZnO infiltrated structure (dashed line in Fig. 4a ) a layer of 30 nm around the PS spheres with a refractive index of n ZnO = 1.93 (taken from ellipsometric data) was added; finally, for the inverse ZnO replica (dash-dotted line in Fig. 4a ) the spheres' refractive index was replaced by 1 (air). As can be clearly seen from the spectra, in Figure 4c the Bragg peak disappears due to index matching (notice the disappearance of the pseudogap in the dashed line of (a)) and our system behaves as a homogeneous medium with a refractive index of around n av = 1.65 and 5 lm thickness. After removal of PS by calcination the Bragg peak shifts to higher energies (blue-shifted), due to the lowering of the average refractive index (from n av = 1.65 to n av = 1.2), and becomes broader (almost double) because of the increase of the refractive index contrast (n ZnO /n air = 1.9). In addition to this procedure to fabricate ZnO inverse opal structures, it is possible to go a step further. Sulfidation of ZnO is a method [22] that has been used to fabricate ZnS nanotubes recently. [23] Here, ZnO inverse opals can be sulfidated to produce ZnS inverse replicas. X-ray diffraction was performed on ZnO-PS composites, ZnO inverse replicas, and ZnS after sulfidation, as can be seen in Figure 5 . Figure 5a corresponds to an as-grown ZnO-PS composite, Figure 5b shows the X-ray diffractogram from the inverse ZnO opal after calcination, and Figure 5c corresponds to ZnS after sulfidation of the calcined ZnO opal. As can be observed, upon crystallization sharp peaks are obtained, in agreement with an increase in the grain size. All samples present a polycrystalline nature, the grain size [24] increasing from 4 to 40 nm upon calcination due to crystallization and to 53 nm after sulfidation due to 30 % difference in ZnS density, which provokes an increase of the semiconductor volume compared to that of ZnO.
This process can again be monitored by optical spectroscopy. In Figure 6 four specular reflectance spectra are shown, which correspond to bare PS opal (Fig. 6a) ; composite ZnO-PS opal with 60 % of the pore volume infiltrated (Fig. 6b) ; ZnO inverse opal after calcination (Fig. 6c) ; and ZnS inverse structure after sulfidation of the previous (Fig. 6d) . As expected, the Bragg peak centered at ca. 0.6 (in reduced units a/k, where a is the lattice constant) for the bare PS opal, shifts to lower energy and narrows after ZnO infiltration. After calcination, this peak moves to higher energies due to lower average refractive index. After sulfidation, the peak moves again to lower energies for two reasons. Firstly, due to a 30 % specific volume increase from ZnO to ZnS, the lattice parameter grows by 10 %, which contributes to this red-shift. Secondly, the ZnS refractive index, n ZnS = 2.3, is higher than that of ZnO. This latter fact also contributes to broadening of the peak due to a higher dielectric contrast. After the sulfidation process, and mainly due to this volume modification, the opal structure is slightly altered, as can be seen in the inset of Figure 6d . This may also be one of the reasons for this broadening and decrease in the reflectivity peak. This demonstrates not only that complete control over the photonic bandgap properties is provided by the infiltration procedure but also that the structures, even when shells as thin as 30 nm are synthesized, are robust enough to withstand inversion. This robustness makes them amenable to further chemical processing for regrowth or sulfidation as shown.
In summary, here we report the use of CVD to grow ZnO in synthetic opals. This method yields large-area, high-quality ZnO-PS and ZnO inverse opals with very precise control of degree of infiltration, which, in terms of thickness, means nanometer-thick layers. For the quality of the deposits and the ease of use, as well as for its inexpensiveness, this may well turn out to be the ultimate method of synthesis for a material that has gained a place on the rostrum of materials for photonics. It is also shown that further chemical processing can be performed to obtain ZnS inverse opals of the same quality that enrich the properties of the system and add to the potential of the method.
Experimental
ZnO infiltration was performed following a CVD method based on a similar procedure described in the literature [19] . The two reactants were alternately transported by a N 2 flow from two separate bubblers. The flow carried the vapor phases to the reactor containing the sample. The reactor was kept at 90°C approximately.
In a typical run double-distilled water was bubbled by a N 2 carrier gas at a rate of 200 mL/min in a pre-treatment step in order to moisten the reactor for 3-5 min. After that, the sample was placed in the reactor and water was again bubbled for periods ranging from 30 to 120 s (200 mL/min N 2 flow). Next, the container with the metal-organic compound was bubbled (150 mL/min N 2 flow) for periods ranging from 15 to 30 s. After the sample had been removed, a N 2 purge (200 mL/min) was used to rid the setup of possible residues as a preparatory step to a new cycle. Dimethyl zinc 95 % minimum (10 wt.-% in hexane) was purchased from ABCR GmbH & Co. KG.
For the sulfidation processing both the ZnO inverse opals and sulfur powder (0.025 g) were placed inside a glass ampoule sealed in vacuum. The ampoule was then ramped at 1°C/min up to 450°C and kept at that temperature for 10 h, which provided a sulfur atmosphere of 500 torr (∼67 kPa).
The X-ray powder diffraction study was carried out in a Bruker D8 advance from Bruker-axs GmbH using Cu Ka radiation.
The SEM inspection was performed without further metallic films covering the samples.
Optical characterization was performed in a Fourier transform infrared spectrometer, IFF 66S from Bruker, with an IR Scope II microscope attached. All reflectance spectra were recorded at near-normal incidence to the (111) family of planes. All compared spectra were taken at the same sample spot. The bottom-up approach to device fabrication involves the synthesis and assembly of nanoscale building blocks. Assembly is usually achieved through electrostatic or chemical interactions between the individual building blocks or through interaction with an external electric or magnetic field. In more sophisticated approaches, the building blocks can be functionalized with molecules whose end groups will only bind specifically to other particles functionalized with a complementary group. Such receptor-mediated interactions have been exploited for the self-assembly of spherical nanoparticles. [1, 2] The assembly of more complex structures requires the ability to control the shape, composition, and surface chemistry of
